The three-dimensional conformation of proteins represents the basis for the great majority of functional investigations in biochemistry. Generally, this data is provided by X-ray diffraction techniques using crystalline samples. Here, we show that a considerably more accurate picture of the protein conformation in solution can be obtained by combining X-ray structures with first-principles calculations for the interpretation of two-dimensional solution-state NMR patterns. In the specific case of the bilin chromophore phycocyanobilin (PCB) in the binding pocket of the α subunit of C-phycocyanin (α-C-PC), we observe the formation of an unexpected water channel towards the PCB chromophore during molecular dynamics simulations. The resulting NMR pattern, computed from ab-initio methods in the newly obtained conformation, leads to a re-assignment of the experimental spectrum. The agreement with experimental data is considerably better than what we obtain using the unmodified X-ray structure. Generalizing our results, we elucidate the need to complement X-ray based crystal structures with experimental and computational solution-state spectroscopy, in order to reach a reliable representation of proteins in their native state. The latter often exhibits structural motifs like dynamical water channels, which are essential for the protein functionality but invisible in the crystal structure.
Introduction
X-ray crystallography and NMR spectroscopy are the main experimental techniques that provide protein structures at atomic resolution 1 . Each of the two methods has its wellknown advantages and technical limitations 2 . Soon after the introduction of X-ray crystallography, it was accepted that it gives the correct picture of protein folding in spite of the non-physiological environment of a single crystal. However, some differences between solution-state and crystal structures of proteins are expected -and indeed known -to exist. For instance, in single crystals the protein molecules are densely packed, which may immobilise surface side-chains or even backbone segments that exhibit high mobility in the isolated protein 3 . As early as 1964, comparisons between NMR and X-ray structures of proteins were already being done to investigate differences between solution-state and crystal structures 4 . In the second half of the 1980s, NMR established itself as an alternative method for protein structure determination at a resolution comparable to that given by X-ray crystallogra-phy. According to the statistics posted on the PDB website as of April 2012, the protein databank has a total of 74603 deposited protein structures. Approximately 10% of these were obtained using NMR, the absolute majority coming from Xray crystallography.
Comparisons between protein structures obtained by both methods have always been highly interesting. Such comparisons necessarily require the availability of coordinates from both NMR and from X-ray crystallography for the same protein. This excludes proteins from different species, cases where one structure is for the free protein and the other for a complexed form, or where protein fragments do not have the same length 3 . Fortunately, with the exponential growth in the number of entries in the PDB, statistically significant comparisons are becoming more and more accessible. A large scale comparison on a set of 148 protein structure pairs revealed that in 73 proteins, the core heavy atoms are located at statistically different positions 5 . Several reasons have been suggested to explain these findings: Crystal packing effects, the presence of interactions (steric interactions, salt bridges, hydrogen bonds) in the crystalline state that are otherwise missing for the single protein, and the different refinement methods of both approaches. 3, 6, 7 In another study on 78 proteins determined by both NMR and X-ray methods 8 , it was found that 18 proteins had obvious large-scale structural differences that seem to reflect a difference of crystal and solution structures. There was also a statistically-significant difference in the other 60 pairs of structures in inter-residue contacts, which was mainly attributed to a difference in mathematical treatment of experimental results. In addition to such static structural differences, deviations in the dynamics of NMR and X-ray protein structures are also known to exist. As one might expect, the largeamplitude motions sampled in solution are restricted in protein crystals.
In a study by Snyder et al. 1 using data on 159 proteins, it was shown that the majority of proteins with high quality NMR data suitable for 3D structure determination, do not rapidly and readily yield diffraction quality crystals, and viceversa. It was concluded that "X-ray crystallography and NMR often provide complementary sources of structural data and that both methods are required in order to optimize success for as many targets as possible in large-scale structural proteomics efforts".
Here we present a study of the alpha-subunit of CPhycocyanin, with focus on its bilin chromophore, phycocyanobilin (PCB), and its binding pocket. We exploit the high sensitivity of ab initio NMR calculations as an extremely sensitive local probe at the sub-Angstrom range, to reveal structural differences between the crystal structure and the solution state structure. More generally, we propose an ab initio approach that can accurately account for local geometric differences between the X-ray structure of a protein and its solution structure, requiring only a minimal set of experimental NMR measurements.
Bilins are linear tetrapyrrolic pigments with a conjugated bond structure. Traditionally, the four rings are referred to as ring A, ring B, ring C, and ring D. Bilins are ubiquitous in nature, being found in animals, plants, algae, and bacteria. In photosynthetic organisms bilin chromophores serve as prosthetic groups for the photoreceptor biliproteins, where their conjugated bond structure confers the desired wavelength sensitivity to the apoprotein. They are typically attached to the apoprotein via a thioether link to a conserved cysteine residue 9 .
Bilins provide a clear example of how far the local environment can influence both the dynamical and the photochemical properties of chromophores. The most straightforward case is the dependence of the absorption spectrum of the free chromophore in solution on its protonation state 10 . Moving on from free bilins in solution to biliproteins, we find that the same bilin chromophore in different biliproteins exhibits different absorption wavelengths. Obviously, the local protein environment at the chromophore binding pocket can significantly influence the electronic structure of the embedded chromophores, optimizing them for their light-sensing or light-harvesting functions [11] [12] [13] . A recent manifestation of the strong potential of these protein-bilin interactions to modify the behavior of the embedded chromophore was obtained using DFT methods 14 . The geometric relaxation of free unbound bilins following excitation has been found to be dominated by torsional motion between rings A and B (see Fig. 1 ), and irrespective of the initial configuration. This is in clear contrast to the situation when the chromophore is attached to a phytochrome where the bulk of experimental evidence strongly suggests a photo-induced torsional motion between rings C and D [15] [16] [17] [18] [19] [20] [21] [22] .
Two major classes of biliproteins are phytochromes and phycobiliproteins. Although these two classes share the same type of prosthetic groups, they have totally different functions and photochemical behavior. Phytochromes are sensory red/far-red photoreceptors that exist in two states, a redabsorbing state (P r ) and a far-red-absorbing one (P f r ). When exposed to light of the suitable wavelength the chromophore undergoes a light-dependent conformational change which propagates through the phytochrome protein to a response domain 23 . The cyanobacterial phycobilisomes on the other hand act as light-harvesting antennae for photosystems I and II. The chromophore here does not undergo a light-dependent conformational change, but the photon energy is rather transferred efficiently down a cascade of multiple chromophores until it reaches chlorophyll, where photosynthesis takes place 24 . The highly efficient light-harvesting of these proteins has been a subject of extensive research. Recent multidimensional nonlinear spectroscopic experiments provide compelling evidence that the excitation energy transfer in such light-harvesting systems involves relatively long-lived coherent quantum dynamics 25, 26 .
C-Phycocyanin (C-PC) is one of the major biliproteins in phycobilisomes, and one of the earliest to be studied 27 . Besides its role as a photoreceptor, C-PC has attracted much biomedical attention with the numerous reports of its therapeutic and nutritional values 28 . C-PC exists in solution as a complex of trimers (α 3 β 3 ), hexamers (α 6 β 6 ), and other oligomers, where each α-subunit has one bilin chromophore known as phycocyanobilin (PCB) (Fig. 1 left) and each β -subunit has two PCBs 29 . Of significance to our work here is the observation that the alpha-subunit does not form aggregates in solution at the typical concentrations used for NMR measurements 30 . This triggers the question of whether the isolated alpha-subunit in solution retains the same structure as found in X-ray crystal structures or not.
Like other bilins, PCB is composed of four pyrrole rings linearly attached together with ring A being the one attached to the apoprotein, and ring D is the furthest. Since we will be frequently referring to the pyrrole nitrogen atoms and the hydorgens bonded to them, we will refer to them in the rest of this article as NA, NB, ..., HC and HD. The conformation of a bilin chromophore is conventionally described with respect to the three double (cis/trans) and three single (syn/anti) bonds comprising the methine bridges between the pyrrole rings ( Fig. 1 right) .
The structure and function of C-PC and PCB have been investigated by numerous methods, both experimental and theoretical. Through these studies, a fairly reliable picture of the structure of C-PC has been formulated and several high-resolution X-ray crystal structures are now available (e.g. PDB entries: 3KVS, 3L0F, 3O18 and 3O2C) [31] [32] [33] . A two-dimensional projection of PCB in the binding pocket is depicted in Fig. 2 . It can be seen that PCB adopts a ZZZasa conformation. PCB is tightly held in place via its numerous interactions with the binding site. Ring A is the only one buried in the binding pocket without any access to solvent. Its carbonyl oxygen atom possibly makes a hydrogen bond with the backbone amide of ALA75 (distance 2.10Å). The closest hydrogen bond acceptor to HA is the backbone carbonyl of ASN73, which is 2.65Å away and makes an angle of 133 degree with the NA-HA bond. This length/angle combination is outside the usual range for a mediumstrength hydrogen bond 34 . Rings B, C, and D are all positioned such that they have one edge exposed to the solvent. The two nitrogen atoms of ring B and C each donates a hydrogen bond to the same carboxylate oxygen atom in the ASP87 side chain. The two propionate side chains of rings B and C are oriented outside the binding site and towards the solvent. One of the carboxylate oxygens of ring B propionate forms a salt bridge with the positive ARG79 side chain and the other oxygen is solvated by water, while ring C propionate is twisted back so that both oxygens are involved in salt bridges with the positive LYS83 and ARG86 side chains. Ring D seems to be the most solvent-accessible one, both the carbonyl oxygen and HD are fully exposed to the solvent.
NMR has also been used to investigate the mobility of the chromophore in the binding site 35 , solution state 1 5N NMR of the α subunit of C-PC was used to deduce the protonation state of PCB in the binding pocket and to infer a structural picture of PCB in the cyanobacterial phytochrome Cph1 36 , QM/MM calculation of Raman spectra were performed and showed good agreement with experimental spectra 37 . Through the accumulated results of all these studies one can say with confidence that the conformation of PCB in α-C-PC is indeed ZZZasa. NMR also provides convincing evidence that all the four pyrrole nitrogens of PCB are protonated in C-PC, this seems to be also true for other biliproteins 16, 17, 36 . The significance of these results is not only restricted to C-PC and its chromophore, PCB. Since the availability of the first X-ray structures of C-PC they have served as models for understanding the structure and function of other biliproteins, in particular phytochromes as their tertiary structures have begun to come out only recently.
In a relatively recent study, the 15 N NMR spectrum of α-C-PC from Mastigocladus laminosus has been compared to that of the cyanobacterial phytochrome Cph1, providing insight into the structure and dynamics of the binding pocket of the latter 36 . In that study, the 1 H, 15 N HMQC NMR spectrum of labeled α-C-PC revealed five coherences with a nitrogen chemical more then 130 ppm (Fig. 3) . Of these five signals, two showed an interaction in the NOESY spectrum and were thus identified as HB and HC due to their proximity. In the original published assignment a peak showing an interaction with two protons in the 7.0-7.5 ppm range, and was identified as HA due to its proximity to the back bone amine protons of Ala75 and Tyr74. HD did not show any interactions, possibly due to its location at the edge of the binding pocket facing the bulk solvent, and the correlation at 149.4/9.5 ppm was assigned to it. Such assignment seemed to be the most plausible initially, however, based on more recent NMR work on isolated PCB in HMPT 38 , and from solid-state NMR of cyanobacterial phytochrome (Cph1) 17 , we tend to believe that the initial assignment of ring D, and possibly ring A, might not be correct. (we need to put here a figure from the supp. info from Schmieder's paper) In both of these publications, ring D gave a resonance close to 130 ppm, and we believe that PCB ring D in α-C-PC is actually the resonance showing at 132.4/9.3, close to the protein backbone resonances. If this is the case, then ring A might actually be the resonance that was initially assigned to ring D, and then the resonance at 168/12.4 ppm was one of the protein histidines. However, one has to be cautious when comparing the NMR spectrum of PCB in α-C-PC to that of the free PCB, or even to PCB bound to Cph1, where PCB poses in a ZZZssa geometry, surrounded by a different environment.
With the current availability of high-resolution structures of biliproteins, it is now possible utilize molecular dynamics simulations based on these structures to study the mobility and dynamics of the chromophore and the atomistic details of its interactions with the apoprotein. This is particularly important in order to facilitate an explanation of the various differences in the behavior of different classes of phytochromes that cannot be explained based on the static X-ray structural pictures alone. In this particular case of PCB bound to α-C-PC, it is also tempting to exploit the availability of both an Xray structure of the system and the NMR spectrum. One is tempted to utilize the sensitivity of NMR shifts to examine any possible differences between ab initio H and N chemical shifts computed from the crystal structure, and the solution state HMQC NMR spectrum.
Here, we present first-principles QM/MM MD simulations and theoretical calculations of NMR chemical shifts of PCB in the α-C-PC binding pocket. One goal of this work is to gain insight into the (mainly) non-bonded interactions between PCB and its binding pocket, and how these influence the conformation and dynamical behavior of PCB. Experimental NMR chemical shifts of PCB bound to proteins with a resolved X-ray structure have been used in attempts to deduce the geometry of PCB and other related chromophores in proteins with unavailable tertiary structures. It is an interesting question to see whether theoretical calculations of NMR chemical shifts combined with the insight obtained from MD simulations can help push forward these attempts, and to draw conclusions on other related chromophores. Another goal is to test the convergence of the computed chemical shifts in such a complicated system with regards to the embedding scheme, i.e. how the computed values respond to the level of sophistication in treating the surroundings of the chromophore.
Computational details Structure preparation and classical MD simulations
As a starting point we used the X-ray structure of the C-Phycocyanin trimer from Mastigocladus laminosus 39, 40 . The α-subunit was extracted from the structure, missing hydrogens were added and the structure was solvated in a water box with dimensions 70 x 90 x 60 Angstroms. Based on the experimental NMR evidence detailed in the introduction, all the four pyrrole rings of PCB were protonated, while the propionate side chains were left ionized so that PCB molecule had a total charge of -1. The system was equilibrated for 50 ns at 300 • K with classical MD using the CHARMM22 forcefield 41, 42 in the NAMD program 43 . CHARMM22-compatible force field parameters for PCB are already available and were used here. 44 Ab initio QM/MM MD simulations QM/MM MD simulations were performed in CP2K [45] [46] [47] . The QM region consisted of the PCB chromophore, the attached CYS84 side chain, and the ASP87 side chain. The rest of the system was treated with the CHARMM22 forcefield. The QM/MM bond interfaces in CYS84 and ASP87 were modeled using an optimized capping potential 48, 49 . The size of the QM box was set to 30 x 30 x 30 Angstroms. The QM part was treated with the BLYP functional with the Grimme D2 correction 50 using the GPW method and a planewave density cutoff of 280 Ry and a triple zeta gaussian basis set. 20 ps of MD were run for equilibration under massive thermostatting, then finally a production run of 20 ps was performed using a Nose-Hoover thermostat at 330 • K. Each of the QM and the MM subsystems was coupled to a separate thermostat. For NMR calculations, 100 snapshots were extracted at regular intervals from the production phase of the simulation.
Nuclear shieldings
For each of the snapshots extracted from the MD trajectory, allelectron isotropic magnetic shieldings were computed for the four pyrrole nitrogens and hydrogens. CP2K was used to compute the shieldings in a QM/MM setup. In all cases the QM region encompassed PCB and all hydrogen-bonding residues to any of the pyrrole hydrogens. Additional QM/MM capping atoms were introduced to encompass all the relevant atoms in the QM region (Fig. 4) . The allelectron GAPW method 51 was used with the pcS-2 basis set (pcS-3 on the pyrrole nitrogens and hydrogens) 52 . Proton chemical shifts were referenced to TMS at the same level of theory, while nitrogen chemical shifts were referenced to ammonia and then shifted slightly so that the center of the computed shifts matched that of the experimental ones.
Results and Discussion
Dynamics of PCB in the binding pocket Fig. 6 shows the statistical distribution of the six dihedral angles in PCB defined as in Fig. 1 . The distributions indicate that the single/double bond pattern depicted in Fig. 1 is correct, with the bond resonance in rings B and C giving a partial double bond character to the two central bonds connecting them.
Overall, PCB shows very little mobility in its binding pocket. The lack of mobility of ring A can be attributed to its attachment to the protein, while that of rings B and C can be attributed to them being firmly sandwitched between the hydrogen bonds to ASP87 on one side, and the ion paring between their propionate groups and ARG79, LYS83, and ARG86 on the other side (Fig. 2) .
Another interesting point is the protonation state of rings B and C. Fig. 7 shows that both HB and HC protons remain firmly attached to their nitrogens, in agreement with NMR spectra which show that the protons remain attached to the pyrrole nitrogens even on a much larger time scale. Ab initio thermochemical predictions provide a similar picture, where the activation energy to transfer one proton from the ASP87 to PCB was calculated to be 0.76 kcal/mol, and the reverse barrier was found to be 5.57 kcal/mol at the level of B3LYP/6-31+G*//HF/6-31G 53 . Fig. 8 shows the NMR chemical shifts of PCB pyrrole nitrogens and hydrogens computed from first principles as an ensemble average over the configurations delivered by the MD trajectory. The corresponding experimental values are also shown for comparison. The points corresponding to the experimental spectrum are labeled according to the initial assignment 36 , while the point labeled asD is what we believe to be the correct assignment of ring D. Overall, rings B and C show very good agreement, and interestingly, the ab initio value for ring D confirms thatD is indeed the corresponding experimental signal. The predicted nitrogen chemical shift for ring A is very close to the experimental signal for the point assigned as A, while it is significantly off for the hydrogen chemical shift. Given that nitrogen chemical shifts for all the three other PCB rings are in very good agreement, we tend to believe that the initial assignment for ring A is correct.
NMR signatures of hydrogen bonding
Further insight into the correlation between binding pocket geometry and the NMR signature is obtained by examining the correlations depicted in Fig. 9 . The plots show the calculated dependence of instantaneous proton chemical shifts on the length of the corresponding hydrogen bond. In the region of strong hydrogen bonding (d H−D < 2.2) the relation is approximately linear, followed by an asymptotic decay for longer distances towards the chemical shift of the non-hydrogen-bonded situation. From the plot corresponding to HA, we can see that its chemical shift corresponds to a hydrogen bond length averaged around 1.8Å. Looking at the slopes of the linear regressions considering only lengths up to 2.0Å, we find that all the plots exhibit a proportionality in the range -9.5 to -10.5 ppm/Å, except for ring A which a lower slope of -8.0 ppm/Å. These large values for the slope are the very reason why NMR is such a good probe of local geometries: We have a change in the observed 1 H-chemical shift of 1 ppm (a value easily within the accuracy of both experiment and ab initio methods) per 0.1Å change in the hydrogen bond length. One can even go further and use such a plot as a "calibration curve" to correlate the observed chemical shifts to local geometries at the sub-Angstrom range, a range that is inaccessible for most other spectroscopic techniques.
Going back to our trajectories, we depict in Fig. 10 the timeevolution of the distances between ring A and the nearest possible hydrogen bonding groups, from both the QM/MM and the CHARMM22 MD trajectory. We can see that these distances are too long to influence the chemical shift of HA, they are within the asymptotic part in Fig. 9 , not to mention to explain the strong shift seen in the experimental NMR spectrum. These results point in the same direction as our arguments in the introduction, the X-ray structure and the solution-state NMR spectrum do not match for ring A.
Our first attempt to reconcile the X-ray structure and the solutionstate NMR results was running another CHARMM22 MD simulation, this time constraining the distance between HA and the backbone oxygen of ASN73 to 1.8Å. In this way, a strong hydrogen bond is enforced for HA. After equilibration, the system was left to evolve for 40 ns under this constraint before releasing it and allowing the system to evolve freely for 60 ns. As Fig. 11 shows, the protein backbone starts gradually recoiling away from HA once the constrain is gone, and within 10 ns, all memory of the constrain is lost. In conclusion, this attempt did not succeed to "convince" the chromophore to attain a hydrogen bonding configuration which would presumably yield a computed NMR chemical shift pattern compatible with experiment.
Another interesting possibility arises by careful examination of our initial, unconstrained CHARMM22 trajectory. Fig. 12 depicts two representative configurations of the binding pocket where water wires are forming between PCB, ALA75, ASN73, and bulk water. The initial event for formation of such water wires is the opening up of the "binding pocket gate" near ring A: A movement of the side chain ASN73 away from PHE122 backbone, exchanging the lost hydrogen bond by another stable one to the propionate side chain of ring B. Such an arrangement can be seen in the right side of Fig. 12 . Once the gate is open bulk water starts pouring inside the pocket, resulting in a water wire as depicted in Fig. 12 . The backbone amino group of ALA75 can be seen switching between two situations: in one it is hydrogen-bonded to the oxygen atom of ring A (Fig. 12 left, anti-conformation relative to ASN73), and in the other it is forming a hydrogen bond to LEU66O (Fig. 12 right, clinal-conformation) , which is part of an alpha-helix on the solvent-exposed protein surface. Indeed, such configurations can also be seen forming in the last few picoseconds in the ab initio MD trajectory. In fact, if these con- Based on this evidence, we started another QM/MM trajectory from such a configuration with water wires, using the same computational setup as before for both the MD and the NMR calculations. The MD reveals that once a water molecule is trapped between HA and the ASN73 backbone, it forms a very stable bridge, with an average distance of 1.85Å between the water oxygen and HA. In fact, such a configuration agrees with the experimental NMR signature, as it represents a stable hydrogen bond to ring A at the required distance. Fig. 13 shows the MD-averaged NMR chemical shifts (20 ps) from the new setup compared to experimental results. The agreement between computed and experimental NMR signatures is far better in this case, confirming that the inclusion of the water wire at ring A yields an NMR chemical shift pattern that matches the experimental counterpart very well.
As for the correct assignment of the originally mislabeled NMR resonances, we believe that it might have originated from a protein histidine. However at the present state, we do not have sufficient experimental/computational evidence to claim that this is a certain assignment.
Conclusions
We have presented an analysis of the accessibility of the bilin chromophore embedded in the α-subunit of C-phycocyanin with respect to water molecules from within the protein. We have used firstprinciples molecular dynamics simulations and ab-initio calculations of NMR chemical shift patterns to interpret the corresponding experimental data. The comparison of computational and experimental data leads to considerable structural differences between the solution-state and the crystalline conformations, in particular in view of the microsolvation of ring A of the bilin chromophore. The loop in the PCB Fig. 12 Examples of the water wires that form inside the PCB binding pocket, bridging ring A to ASN73. (Fig. 12) .
binding site, which is packed against the crystal packing surface, has more freedom in solution which leads to its movement away from PCB. This allows one water molecule to pour inside in the binding pocket, bridging ring A to ASN73 backbone, and eventually forming a stable water wire that connects to bulk solvent.
Our approach of computing ensemble averages of NMR chemical shift patterns from first principles molecular dynamics simulations provides a working method to reconcile X-ray crystal structures and solution state structures to reconcile X-ray crystal structures and solution state structures using a minimal set of experimental NMR data. The speed with which NMR chemical shifts can be computed on modern computers makes the method quite affordable, even with the extensive sampling required to converge the NMR shifts towards the experimental results. Another possible application of this approach is for membrane proteins with poorly resolved structures. If one is particularly interested in one region, then our method provides a microscopic probe that can look at distances at the sub-angstrom range provided that experimental NMR/EPR signatures are available. The argument applies equally well to protein structures that cannot be investigated by NMR (large proteins). One has to keep in mind that the choice of the size of the QM region and the capping method in the MD/NMR calculations is a very critical choice. The quality of the capping method becomes particularly critical when the capping atom is close to an atom where NMR chemical shift is to be computed.
We view this work as a continuation of the efforts that try to utilize ab initio QM methods in structural biology, one particular example is the use of ab initio methods in optimizing X-ray data. 54 We go here one step further by combining MD and NMR calculations to provide results directly comparable to a highly sensitive experimental observable. Our calculations show that a fully consistent first-principle treatment, from molecular dynamics simulations to ensemble averages of spectroscopic observables, can elucidate subtle differences between crystal structures and solution structures of proteins. In our case, the local mobility of a particular building block of the chromophore is considerably increased under solvated conditions at ambient temperatures, which is connected to an opening of the binding pocket towards a neighboring water channel.
